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We report far-infrared optical properties of YbRIi2Si2 for photon energies down to 2 meV and 
temperatures 0.4 - 300 K. In the coherent heavy quasiparticle state, a linear dependence of the low- 
energy scattering rate on both temperature and photon energy was found. We relate this distinct 
dynamical behavior different from that of Fermi liquid materials to the non-Fermi liquid nature of 
YbRli2Si2 which is due to its close vicinity to an antiferromagnetic quantum critical point. 
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The investigation of 4/-containing metals by far- 
infrared optical spectroscopy provides valuable insight 
into the nature of strong electronic correlations. This 
in particular holds true for heavy fermion (HF) com- 
pounds where at low temperatures a weak 4/-conduction 
electron (c/-)hybridization generates mass-renormalizcd 
quasiparticlcs with a coherent ground state which is in 
many HF systems of the Landau Fermi liquid (LFL) 
type. The quasiparticles influence thermodynamic 
quantities which arc described in terms of a large effective 
mass to* exceeding the free electron mass too by three or- 
ders of magnitude. Furthermore, in typical HF materials, 
below a single- ion Kondo temperature (Ik), the coher- 
ent state is characterized by a dynamical screening of the 
4/ magnetic moments through the conduction electrons. 
Several highly correlated metals exhibit so-called non- 
Fermi liquid (NFL), i.e., strong deviations from a renor- 
malized LFL behavior when T — > K. Q The system 
YbRli2Si2 studied in this paper is one of a few clean stoi- 
chiometric HF metals with pronounced NFL behavior at 
ambient pressure which is related to both antiferromag- 
netic (AF) as well as ferromagnetic quantum critical spin 
fluctuations in close proximity to an AF quantum crit- 
ical point (QCP). H H Those NFL effects manifest 
as a divergence of the 4/-derived increment to the spe- 
cific heat AC/T oc — lnT and in the electrical resistivity 
p(T) showing a power law exponent close to 1 in a tem- 
perature range substantially larger than one decade and 
extending up to T ~ 10 K. [f| Transport and thermody- 
namic properties are consistent with a single-ion Kondo 
temperature Tk = 25 K (associated with the crystallinc- 
electric-field-derived doublet ground state 0). 

The electrodynamical response of HF systems is char- 
acterized by an optical conductivity cr(u>) which fol- 
lows at room temperature the classical Drude model 
[a(u) = Ne 2 T/m*(l + oj 2 t 2 ); N: charge carrier den- 
sity] with frequency independent m* and scattering rate 
1/t. 0] At low temperatures, upon entering the coherent 
state, large deviations are observed which are caused by 
many-body effects. Then a narrow, renormalized peak 



at zero photon energy fku = eV is formed and a so- 
called hybridization gap appears which is related to the 
transition between the bonding and antibonding states 
resulting from the c/-hybridization. 0, 0, [^} The co- 
herent part of the underlying strong electron-electron 
correlations are treated in an extended Drude model by 
renormalized and frequency dependent to*(w)/too and 
1/rM; [HE1E1II1 
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Here, d(w) is the complex optical conductivity derived 
from the Kramcrs-Kronig analysis (KKA) of the reflec- 
tivity spectrum R(lo). The LFL theory predicts a dynam- 
ical scattering rate l/r(w) cx (2Trk-g,T) 2 + (Two) 2 which 
also accounts for the electrical resistivity, p(T), growing 
quadratically with temperature The (M 2 behavior 
is indicated in 1/t(lo) of many renormalized LFL metals, 
e.g. YbAl 3 [3, CePd 3 E2, and CeAl 3 At the same 
time, m*(uj) increases with decreasing T and lu indicat- 
ing the formation of heavy quasiparticles at low tempera- 
tures. NFL behavior in optical properties is typically in- 
dicated by a linear frequency dependence of 1/t(u>). [llj 
Up to now, optical NFL effects were explicitly investi- 
gated for correlated materials whose NFL state is be- 
lieved to be related to disorder (several U-based Kondo 
alloys) or to two-channel Kondo physics (UBei3). [JjJ 

Yet, to our knowledge, the optical properties of a 
heavy-fermion NFL state due to spin fluctuations in close 
proximity to a QCP, as is the case for YbPiii2Si2, have 
not been investigated so far. As shown by our prelimi- 
nary optical experiments on YbRli2Si2 the T-lincar NFL 
behavior of the zero- frequency resistivity, pdc (T) , is also 
reflected in <r(u,T) for T < 20 K, huj < 20 meV and 
lot 3> 1, assuming a frequency independent r consistent 
with a classical Drude approximation of the data. [Hi ] 
This behavior was interpreted as the temperature depen- 
dence of a renormalized scattering rate of a Drude peak 
whose tail at T = 2.7 K was observable just above the 
lowest measured energy of 10 meV. Moreover, a peak at 
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FIG. 1: (Color online) Temperature dependence of the re- 
flectivity spectrum R(ui) in the photon energy range of 2 - 
500 meV. Inset: R(u>) at 5.5 and 300 K in the complete ac- 
cessible range of photon energies up to 30 eV. 



around 0.2 cV, visible already at T = 300 K and gradu- 
ally developing with decreasing temperature, appears be- 
yond a pseudogap-like structure similar to that rep orted 
for several other Kondo-lattice systems. |^ lr^ll5l ll7j 

Here we report the extension of our optical investi- 
gations down to energies of 2 meV and temperatures 
down to 0.4 K. This allowed us to obtain yet inaccessi- 
ble information on the low-energy HF optical response of 
YbRli2Si2 and provides a detailed characterization of the 
electrodynamic NFL properties. In particular the low- 
energy heavy quasiparticle excitations could be analyzed 
within the extended Drudc model which yields m*(uj,T) 
and l/r(w,T). 

Near-normal incident R(u>) spectra were acquired in 
a very wide photon-energy region of 2 meV - 30 cV to 
ensure an accurate KKA. We investigated the tetrago- 
nal a6-plane of two single crystalline samples with as- 
grown sample surfaces and sizes of 2.2 x 1.5 x 0.1 mm 3 
and 3.5 x 4.2 x 0.5 mm 3 , respectively. The prepara- 
tion as well as the magnetic and transport properties 
has been described elsewhere. 0, @ The high qual- 
ity of the single crystals is evidenced by a residual re- 
sistivity ratio of Pzook/ Po — 65 (po — 1/iSlcm) and a 
very sharp anomaly in the specific heat at T = Tn- |jj 
Rapid-scan Fourier spectrometers of Martin-Puplctt and 
Michclson type were used at photon energies of 2-30 meV 
and 0.01-1.5 eV, respectively, at sample temperatures 
between 0.4-300 K using a 4 Hc (T -> 5.5 K) and a 
3 Hc (T -> 0.4 K) cryostat. To obtain R(u), a refer- 
ence spectrum was measured by using the sample surface 
evaporated in-situ with gold. At T = 300 K, R(uj) was 
measured for energies 1.2-30 eV by using synchrotron 
radiation. [J^ In order to obtain <t(uj) via a KKA of 
R(uj) the spectra were extrapolated below 2 meV with 
R(lj) = 1 — (2lj/tt<7]jc) 1 ^ 2 and above 30 eV with a free- 
electron approximation R(lu) oc oj~ 4 . Q 
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FIG. 2: (Color online) Temperature dependence of the opti- 
cal conductivity <x(w) (solid lines) with corresponding direct 
current conductivity {<jdc, symbols). Dashed lines: Classi- 
cal Drude model with implicit Drude masses m* as indicated. 
Corresponding odc and carrier densities (derived from the 
Hall coefficient) were used. 



The temperature dependence of the R(u>) spectra of 
YbRli2Si2 is shown in Fig. The inset shows an ex- 
tended energy region where above 500 meV R(oj) is 
dominated by intcrband transitions. In this study, we 
focus only on the intraband transition region below 
500 meV where the spectra display a strong temper- 
ature dependence. With decreasing temperature R(lv) 
gets strongly suppressed, creating a dip structure at 
around 100 meV. Simultaneously, below 12 meV, R(u) 
approaches unity with decreasing temperature. These 
pronounced temperature dependences are typical for HF 
compounds. Most clear coincidence is found when 
comparing the optical properties of YbRli2Si2 with those 
of the intermediate- valent compound YbAl3. [l^ Their 
low-temperature, low-energy shapes of R(uj) are very 
similar, albeit a weaker temperature dependence is found 
for YbAl3 reflecting its much stronger c/-hybridization 
which underlies its intermediate-valence behavior. How- 
ever, very similar to R(lj) of YbRh2Si2 at T — 300 K, 
the R(uj) of the non-magnetic reference compound LaAl3 
does not show any dip-structure. Therefore, as already 
identified for YbAl3, the pronounced low-temperature 
dip in R(u>) of YbRli2Si2 can be related to Yb-4/ elec- 
tronic states near the Fermi energy. By decreasing the 
temperature, due to cj-hybridization, the character of 
the 4f states changes from localized to itinerant where op- 
tical transitions between the c/-hybridization states are 
expected. || This is consistent with the observed R(li) 
dip structure and its temperature evolution in YbRli2Si2. 

The KKA of R(ui) yields optical quantities as shown 
in Fig. | At T = 300 K, <j(l>) shows normal metal- 
lic behavior, i.e., a monotonic decrease with increasing 
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photon energy, and a zero-energy extrapolation consis- 
tent with a dc (symbols at left axis of Fig.0). However, 
as shown by the dashed line in Fig. [21 the experimen- 
tal cr{u>) is poorly represented by a classical Drude fit 
[with parameters m* = 15mo, 1/r = 4.0 • 10 13 sec -1 , 
N = 2.7-10 22 cm" 3 (Hall effect result 19j)]. This discrep- 
ancy indicates that the scattering rate depends on pho- 
ton energy, as discussed below and as shown in Fig. ^p. 
With decreasing temperature, a pseudogap-like suppres- 
sion of appears below 100 meV with a simultaneous 
increase in odc- A minimum of cr(u>) develops whose po- 
sition continuously decreases towards low temperatures. 
The onset temperature of pscudogap formation between 
80 and 160 K corresponds to the maximum of pdc{T) at 
Tcoh = 120 K which marks the onset of coherence effects 
upon c/-hybridization. This suggests that the tempera- 
ture dependence of <j(uj) is indeed related to the forma- 
tion of heavy quasiparticles and the formation of a min- 
imum in a(uj) may be associated with a heavy plasma 
mode. 

As already indicated from the above discussion, the en- 
ergy and temperature behavior of the optical conductiv- 
ity implies that highly energy dependent m* and \/t{lo) 
are involved. For example, cr(u>) at T — 5.5 K can- 
not be represented by energy-independent values of both 
m* and 1/r within a classical Drude curve as shown in 
Fig. |3 Moreover, due to the different temperature de- 
pendences in cr(w) and <jdc, the classical Drude analysis 
emphasizes the need for strongly temperature dependent 
and, at low temperatures, very heavy effective masses 
( TO Drudc = 600 m o, 1/r = 1.6 • 10 11 sec" 1 at 5.5 K). In 
general, such behavior of the optical mass and scattering 
rate reflects electron-electron scattering or electron scat- 
tering off spin fluctuations. In case of HF compounds, 
a many-body effect due to the c/-hybridization is effec- 
tive at low energies and temperatures where the conduc- 
tion electrons are scattered resonantly off the hybridized 
charge carriers. [U 

Such scattering process is reflected in the temperature- 
and photon-energy dependences of m* and 1/t which we 
obtained from an extended Drude analysis and which are 
shown in Fig. |31 for energies lower than the interband 
transition spectrum. At T = 300 K both m*(w)/mo and 
l/r(u>) are almost constant, with values of about 15mo 
and 1 • 10 14 sec -1 , respectively. Therefore, it is not sur- 
prising that <j(uj) at 300 K clearly contains the features 
of a classical Drude model as shown in Fig. With de- 
creasing temperature from 300 K to 0.4 K, m*(w)/mo 
below ~ 20 meV monotonically increases and exceeds 
values of 130. Clearly, this enhancement can be related 
to the HF state formation in YbRli2Si2 as the enhance- 
ment of m*(u>) occurs at energies comparable to fcelcoh- 
Interesting to note, below 10 meV, m*(w)/m does not 
seem to saturate with decreasing temperature and energy 
but rather increases continuously. We speculate that this 
behavior indicates an energy equivalence to the electron 
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FIG. 3: (Color online) Temperature dependence of (a) the 
effective mass relative to the free electron mass, m*(ui)/mo, 
and (b) the scattering rate l/r(w) as a function of photon 
energy ftw. Inset of (b) is the low energy part of 1/t(w). 
Dashed line emphasizes a 1/t oc hu) behavior. 

effective mass temperature divergence to infinity as ob- 
served in the electronic specific heat. 0- 0- 01 The ap- 
pearance of a negative mass at energies above ~ 30 meV 
and at low T is caused by a positive £i(o>) indicating a 
heavy plasma mode (not shown). Equivalently, one may 
relate transitions across the hybridization gap to the ob- 
served negative optical mass. Such behavior is observed 
in many other heavy- fermion materials. [Til Eol l2ll |22| 

The m*(w)/mo enhancement with decreasing temper- 
ature is accompanied by a formation of a broad peak 
in 1/t(lu) in the energy region where the pseudogap-like 
suppression of <j(oj) appears as shown in Fig. [2h>- It is re- 
lated to the process of mass renormalization as, at 0.4 K, 
the 1/t(hj) reaches the maximum position of ~ 22 meV 
which corresponds to the onset of the m*(w)/mo en- 
hancement. Again, transitions across the hybridization 
gap lead to such enhanced dynamical scattering rates re- 
flecting the particular quasiparticle excitation in accord 
with hybridizati on-g ap scenarios for HF-derived optical 
properties. [8J, fcj, |l3j As shown in the inset of Fig. Oh the 
HF state is characterized by 1/r cx fko for energies up 
to ~ 7 meV which is a pronounced NFL behavior, see 
the dashed line for the data at 5.5 K. It is worth to re- 
mind that in stoichiometric YbRli2Si2 NFL effects due 
to disorder can be excluded. || Therefore, we attribute 
the low-energy linear in u> behavior of 1/t(u>) to spin 
fluctuations due to the close vicinity to the QCP. 

The extended Drude description of the optical prop- 
erties of correlated electron systems yields the energy 
dependence of the renormalization effects. In the low- 
energy limit the frequency dependence of both m* and 
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FIG. 4: (Color online) Temperature dependence of (a) the dy- 
namical mass m*(T)/mo and (b) the scattering rate l/r(w, T) 
at specific photon energies as indicated. Dashed line in (b) 
shows a non-Fermi liquid 1/r k T behavior. 

1/r should resemble their temperature dependence, jl^l 
This expectation is satisfied when comparing the data 
of Fig. |3 with Fig. 2| The latter shows the temperature 
dependence of m*(T)/mo at 5 meV and that of 1/t(T) 
at 5 meV and at 18 meV obtained from Fig. [21 Note 
that the m*(T)/mo enhancement occurs below 160 K 
which roughly corresponds to the onset energy of mass 
enhancement. Similar to m*(cu)/mo, m*(T)/mo does not 
saturate even at the lowest accessible temperature below 
7k = 25 K. However, in contrast to the divergence of 
the electronic specific heat coefficient AC/T oc — LnT, 
m*(T,uj)/mo shows an almost linear increase towards 
low temperatures, at least for photon energies down to 
5 meV. From this discrepancy, we anticipate that a diver- 
gence of the optical mass renormalization may occur be- 
low the single-ion Kondo energy scale of ^b^k = 2 meV. 
The mass enhancement with decreasing temperature cor- 
responds to a continuous increase of l/r(T) at 18 meV 
as shown in Fig. 0Jd. However, below Xk the increase 
of 1/t(T) at 18 meV becomes stronger. At the same 
time, 1/t(T) at 5 meV assumes a NFL temperature de- 
pendence which is approximately linear as the dashed 
line emphasizes in Fig. 0Jd. Therefore, at the single-ion 
Kondo temperature Tk, the charge dynamics changes 
while a single ion Kondo scenario fails to explain the 
magnetic properties of YbRli9Si 2 below T K (large fluctu- 
ating 4/-magnetic moments |3| and a sharp electron spin 
resonance line [23^. 

At temperatures near 80 K, m*(T)/m starts to get 
enhanced and 1/t(T) shows a kink or a small peak. This 
temperature range corresponds to that at which both 
the 29 Si-NMR Knight shift and relaxation rate show an 
anomaly, |24j ] indicating a change in the magnetic charac- 
teristics at 80 K. For a proper interpretation of the peak 
in 1/t(T), carrier scattering by phonons should also be 
taken into account. 

In conclusion, we found distinct clcctrodynamical non- 



Fermi liquid behavior of the low-energy charge dy- 
namics of clean (i.e.,atomically ordered, stoichiometric) 
YbRh 2 Si2. We relate our results to the close proximity of 
YbRli2Si2 to an antifcrromagnctic quantum critical point 
as the latter is the origin of the pronounced NFL effects 
of thermodynamic and transport properties. 00 Our 
findings were accomplished by measuring the tempera- 
ture dependence of the optical conductivity of YbRli2Si2 
down to T = 0.4 K in the photon energy range 2 meV 
- 30 eV. From an extended Drude analysis, the scatter- 
ing rate below hw ~ 7 meV and below T ~ 20 K is 
consistent with a NFL linear proportionality both to the 
photon energy and temperature. Moreover, towards low 
temperatures, clear signatures of heavy fermion behav- 
ior are found: formation of an intcrband peak at 0.2 eV 
and a heavy plasmon mode below 30 meV which both 
can be related to c/-hybridization. The low-temperature 
optical effective mass is strongly enhanced below 20 meV 
and continues to increase down to the accessible lowest 
energies (2 meV) and temperatures (0.4 K). 
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